Fe(acac) 3 /silica/PVA hybrid xerogel nanocomposite was obtained by one pot acid catalysed sol-gel synthesis using the homogeneous mixture of iron(III) acetylacetonate (Fe(acac) 3 ), tetraethylorthosilicate (TEOS), and polyvinyl alcohol (PVA). Nominal composition ratio of iron oxide/silica was 15/85 (weight percent). Nitric acid was used as catalyst. Another sample of Fe(acac) 3 /silica xerogel without PVA addition was prepared in the similar processing conditions. Based on thermal analysis studies, the thermal behaviour of both xerogel samples was unveiled and it allowed choosing the optimal calcination temperatures in order to obtain iron oxide silica magnetic nanocomposite samples. The two xerogel (with and without PVA) samples were thermally treated, in air, at 220, 260 and 300°C and characterized by different techniques. XRD investigations revealed phase composition evolution with calcination temperature, from cubic spinel phase (maghemite) to hexagonal stable hematite containing nanocomposite of 10-20 nm average crystallite size. These findings were confirmed by Mössbauer spectroscopy. Up to 300°C, the surface area and total pores volume increased with temperature for all samples. By calcination at the same temperature, the hybrid xerogel containing PVA resulted in significantly higher magnetization and free volume values in comparison with the sample without PVA.
I. Introduction
During last decade, the nanotechnologies reached the great progress in preparation and characterization of magnetic nanostructured materials with tailored properties, that can be used for different applications, such as drug/gene delivery [1] [2] [3] [4] [5] [6] ; bioseparation [7, 8] , magnetic resonance imaging, [8] [9] [10] [11] hyperthermia [12] but also as the catalysts in chemical synthesis [13] . Certain combination among different material properties, such as magnetization and high specific surface area and porosity, tions having greater inorganic versus organic amount (inorganic-organic hybrids) are rarely studied. The inorganic-organic hybrid material itself may show interesting and useful physical properties [24] [25] [26] [27] . It also may serve as a precursor to a porous material in which pore diameter and volume may be controlled by the physical volume and the chemical character of incorporated organic phase [28] [29] [30] [31] . To our best knowledge, the problem of physically incorporated organic phase influence on textural properties is scarcely described in the available literature. In other words, the organic polymer (polyvinyl alcohol, PVA) is usually used to be a part of synthesized hybrid material but eventually it is removed by thermal treatment. However, we presume that beside the porogen and/or surfactant roles [32] in the hybrid system, PVA can also be reducing agent [33, 34] during its thermal decomposition and even after its removal, due to memory effect [35, 36] . The resulting materials can be markedly mesmerized by previous PVA presence.
The present paper reports, in a first step, the synthesis and characterization of a hybrid material where the organic polymer (PVA) is incorporated in the inorganic silica xerogel forming the matrix for iron oxide precursor (iron (III) acetylacetonate) and the whole material fall into category of hybrid nanocomposites. Moreover, in the second step, the organic part was decomposed and released by heat treatment [37] . The main objective of the paper was to find the suitable preparation parameters in order to obtain superparamagnetic iron oxide-silica porous nanocomposites, maximizing the saturation magnetization at the lowest possible temperature of calcination. Further aim of the present work was to study and understand the influence of PVA, even in small amount, mainly on the magnetic properties by comparison with the system prepared without PVA. High saturation magnetization of superparamagnetic material combined with high total pore volume might define a suitable candidate to be used as inorganic magnetically responsive drug delivery vehicle having high loading capacity [38] , as well as MRI contrast agent [39] .
II. Material and methods

Materials
All chemicals were commercially available: polyvinyl alcohol 72000 (PVA, degree of hydroxylation >98%, Merck); tetraethyl ortho-silicate (TEOS, 98%, for synthesis, Merck); Fe(acac) 3 (99%, for synthesis, Merck); methanol (99%, for analysis, Chimopar); nitric acid (HNO 3 ), (65%, for analysis, Merck), distilled water.
Synthesis
Fe(acac) 3 /silica/PVA hybrid xerogel nanocomposite was synthesized by acid catalysed sol-gel route using the reactant mole ratio TEOS : H 2 O : PVA : Fe(acac) 3 : CH 3 OH : HNO 3 = 1 : 10 : 1.2×10 -5 : 0.14 : 18 : 0.01. Three precursor solutions were previously prepared. PVA solution was prepared by dissolving 2.04 g of PVA in 90 ml of distilled water at 85°C, under stirring (2 hours). The obtained solution was cooled down to room temperature and was put into a 100 ml flask. Methanolic solution of Fe(acac) 3 3 /silica/PVA system was covered and left at room temperature to form a gel. The gelation occurred after 4 days. The obtained Fe(acac) 3 /silica/PVA hybrid xerogel was labelled as a function of molecular mass of used organic polymer N-72 (M w PV A = 72000). Another Fe(acac) 3 /silica nanocomposite sample, labelled N-0, was prepared under the same conditions without adding PVA.
The two xerogel samples were subsequently thermally treated at three different temperatures: 220, 260 and 300°C. The choice of the heat treatment temperatures was based on thermogravimetric analysis. The obtained samples were labelled by adding the heat treatment temperature to the xerogel sample name as follows: N-72-220, N-72-260, and N-72-300; N-0-220, N-0-260 and N-0-300.
Characterization methods
Thermogravimetric analysis was carried out between 25 and 800°C in air flow at 5°C/min heating rate, using an 851-LF 1100-Mettler Toledo apparatus. The phase composition of the powders was determined by X-ray diffraction, using a Rigaku Ultima IV instrument. The X-ray diffraction patterns were recorded using glass support and monochromatic CuKα radiation. The diffraction patterns were measured in 2θ range of 25-65°. Crystallite size was calculated from diffraction lines broadening by using the Scherrer equation. Morphology of the samples was characterized by using a High-Tech HT7700 Transmission Electron Microscope (Hitachi). The samples were analysed in high contrast mode at 100 kV accelerating voltage using copper grids (Ted Pella). FTIR spectra were recorded on samples, pressed into pellets, prepared with KBr, using a JASCO FT/IR-4200 apparatus. Textural properties of nanocomposites were analysed using nitrogen adsorption/desorption measurements at liquid nitrogen temperature (77 K) with a Quantachrome Nova 1200e apparatus. Before measurements the samples were degassed in vacuum at room temperature for 4 hours. The mag- netic properties were investigated in AC (50 Hz) field of 5 kOe amplitude by means of a home-made induction magnetometer [40] ; the apparatus was calibrated for specific magnetization using a Ni powder reference (99.8% purity, 30 µm mean grain diameter, SigmaAldrich). The magnetic hysteresis loops were recorded to a PC using a 16-bit resolution data acquisition card DT-9816A (Data Translation), and the specific magnetization at technical saturation was estimated from extrapolation to the field of 5 kOe with a superposition of Langevin functions.
III. Results and discussion
Thermal analysis
Thermogravimetric (TGA) and differential thermal analysis (DTA) studies were carried out in order to determine the heat treatment temperatures based on gradual degradation of organic part and release of its decomposition products from matrix. The thermal analysis was carried out for the nanocomposite xerogel (Fe(acac) 3 /silica samples without and with PVA) denoted as N-0 and N-72, respectively, and for pure Fe(acac) 3 , and the results are presented in Fig. 1 and Table 1 .
Four distinct transformation steps were observed in the case of both nanocomposite xerogel samples. The decomposition of both samples was completed at 400°C and the total weight loss was: 42.08 wt.% for N-0 and 43.15 wt.% for N-72. This small difference might be due to decomposition of PVA and higher ratio between organic and inorganic components in the sample N-72 with PVA than in the sample N-0 without PVA. In the first step ranging from 25 to 125°C, we can observe endothermic effect related to the loss of the small molecules such as residual water and other solvents inside the xerogel samples [41, 42] . The second step in the range of 125-225°C corresponds to the loss of structural water [43] and removal of parts of organics [44] and mainly to the partial decomposition of Fe(acac) 3 [45, 46] . In the third temperature interval, 225-275°C the mass loss and exothermic effects were assigned to the condensation [47] and dehydroxylation of silica matrix, removal of organics [44] and PVA polymer chains cleavage [48] . Also, according to Pal et al. [46] , this exothermic effect is due to the elimination of acetylacetonate group from the metal-organic compound and transformation into maghemite (γ-Fe 2 O 3 ). The last thermal effect is assigned to the removal of organic residues and carbon resulting from anaerobic decomposition of 3 26.94 exothermic 371 organic compounds [44] and further condensation of OH groups in the silica matrix [42, 49] . In this temperature range, the C-C bonds of the polymer are cleaved [48] and also some remains of Fe(acac) 3 can be decomposed into γ-Fe 2 O 3 . The hematite (α-Fe 2 O 3 ), which is the only stable phase of iron oxide, starts to appear. For all samples, it was observed that the main weight loss occurs in the temperature interval of 125-225°C, where Fe(acac) 3 itself decomposes, showing the maximum weight loss [43] .
X-ray diffraction
The X-ray diffractograms of both series of nanocomposites, prepared by thermal treatment of inorganic and hybrid xerogels at 260 and 300°C, are shown in Fig.  2 . The X-ray diffraction patterns of both samples, thermally treated at 220 and 260°C are very similar (for this reason only 260°C heat treated samples are presented) and manifest characteristic lines of a face-centred cubic spinel structure [50] . For the samples treated at 300°C, we can observe additional diffraction peaks; the most intense one is situated at 2θ ∼ 33°, which corresponds to hematite [51] . It means that some part of the iron oxide was already transformed into hematite which is only stable phase of Fe 2 O 3 . By using XRD technique, it is not possible to distinguish between magnetite and maghemite, because their diffraction patterns are very similar. This problem was solved by Mössbauer spectroscopy which is discussed later.
Iron oxide diffraction lines in XRD pattern of the sample heat treated 220°C (data not shown) are very broad corresponding to very small particles. With the increase in temperature, we can follow the decrease of the peak widths. This line sharpening corresponds to both the increased crystallinity and the crystallite growth. Crystallite sizes were calculated from diffraction lines broadening by using the Scherrer equation:
where D is the average crystallite size (diameter) and b is the structural broadening of diffraction peaks. The calculated crystallite sizes for all samples are presented in Table 2 .
The crystallite sizes for all heat treated samples are similar (about 15 nm) with the exception of the sample containing PVA heat treated at 300°C. This is in agreement with the fact that the particle growth does not occur in this temperature range. 
Fourier transformation infrared spectroscopy
The FTIR spectra of the xerogel samples N-0 and N-72 (without and with PVA) are presented in Fig. 3a . The xerogel samples composition was quite complex. Generally, it can be assumed the presence of silica developed network, starting from silica alkoxide by hydrolysis and condensation, that encompassing iron acetylacetonate solution, polyvinyl alcohol and solvents. The band at 434 cm -1 , observed in both xerogel spectra, was assigned to Si−OC 2 H 5 bond and/or Si−O−C deformation vibrations, and Fe-O bond, probably coming from the precursors, (TEOS) traces and Fe acetylacetonate, respectively [52] [53] [54] [55] . Specific IR features at 1634 cm By increasing the calcination temperature the de- crease, disappearance or new developments in the IR spectra (Figs. 3b-d) were observed. Because of superimposed IR signals, the precise interpretation of spectra was difficult. However, some observations of IR band evolution can offer certain information concerning thermal behaviour of the two xerogel samples. For example, we can observe an increase of the 1075 cm -1 band (assigned to Si−O−Si and Si-O stretching vibrations) with temperature, and simultaneous decrease of 952 cm -1 band intensity (assigned to Si-OH) which indicates that further condensation process was running during thermal treatment. At each increase in temperature, the 550 cm -1 and 440 cm -1 band intensities, mainly assigned to Fe-O bonds, are increasing [56] . Apparently, at the final calcination temperature (300°C) the largest part of the organic compounds is decomposed and the transition process from maghemite to hematite has begun. These results are consistent with TG-DTA and XRD data.
Transmission electron microscopy
The TEM images of the sample N-0 (without PVA) heated at different temperatures are presented in Fig.  4 . The average size of maghemite nanoparticles in the sample thermally treated at 260°C is about 15 nm (Fig.  4b) . However, after the thermal treatment at 300°C (Fig.  4c) the dimensions of the particles are not changed much but they tend to agglomerate.
Nitrogen adsorption-desorption method
Further information about porous systems were obtained using adsorption-desorption measurements. The adsorption-desorption isotherms and pore size distribution (inset) of the samples obtained after the thermal treatment are presented in Fig. 5 .
According to IUPAC classification, all obtained adsorption-desorption isotherms are corresponding to type IV which is generally associated with capillary condensation in mesopores [57] . However, the hysteresis loops of H4 type are indication that along with mesopores, micropores are also present [58] . Type H4 loop is associated with narrow slit or plate like pores [57] . The samples calcined at 220°C show an unusual type of open isotherm, which might be due to the presence of various residual organic groups on the surface and increased microporosity [59] . The most organics were removed from the material surface with the further increase of the calcination temperature up to 300°C, and consequently the isotherms were closed (Fig. 5c) . The pore size distribution shows the pore diameter of ∼3 nm which is characteristic for all samples (Table 3 ).
Significant differences concerning texture properties between two kinds of samples were not observed at 300°C. It has to be noted that the nanocomposite samples, obtained at 260°C, having the unique crystalline phase (maghemite with superparamagnetic behaviour), are quite different regarding the texture properties. The most suitable sample to be further used in biomedical applications was N-72-260 (derived from PVA hybrid xerogel) [39] with increased surface area and pore volume 40% higher than the sample prepared without PVA.
Mössbauer spectroscopy
The Mössbauer spectroscopy (MS) helps us to precise spinel crystalline phase assignment, based on iron cations speciation (Fe 0 , Fe 2+ and Fe 3+ ) and distribution in the network sites (octahedral and tetrahedral). At the same time, we can also obtain the information about magnetic ordering in the samples. The samples which show sextet are magnetically ordered, while the samples that show doublet are magnetically disordered. The amount of phases was determined from the area of Mossbauer subspectra taking into account the Mossbauer recoilless factor to be 1 for all contributions.
The MS measurements of the calcined nanocomposite samples, based on N-0 xerogel are presented in Fig.  6 and Table 4 . Amorphous and magnetically disordered sample was represented by the doublet (subspectrum 1) and ordered phase maghemite was represented by sextets (subspectra 2 and 3). In the case of maghemite, the isomer shift in the range of 0.2 to 0.4 mm/s indicates that only Fe 3+ was present. The sextets show the non-symmetric aspect of peaks having slower shift of ∆E Q towards 0 mm/s. This is typical behaviour of the MS of γ-Fe 2 O 3 where vacancies in octahedral positions cause the distribution of hyperfine field. Subspectrum 4, observed only in the case of the magnetic nanocomposite sample obtained at 300°C, was attributed to the hematite phase. The intensity of doublet progressively decreases with the increase in temperature and at the same time, the intensity of sextet increases. That means, by increasing the calcination temperature (from 220 to 300°C) significant growth of magnetically ordered phase amount was observed, maghemite (from 50 to 
65%
) and hematite (from 0 to 6%). The maghemite was developed on the expense of the amorphous, nonordered phase, which decreased from 50 to 29%. It was not clear if the hematite developed from amorphous phase crystallization or in maghemite-hematite transition process, because both crystalline phases amounts are increasing. XRD results practically indicate that there are no significant differences between N-0-260 and N-0-300 samples. This can be explained by partial crystallization and crystalline network healing by defect removals in the iron oxide particles which occurs without simultaneous particle growth. We can follow the same tendency in the series generated by thermolysis of N-72 xerogel, subsequently presented in Fig. 7 and Table 5 .
The subspectrum 1 (doublet) corresponds to iron oxide magnetically non-ordered phase. The subspectra 2 and 3, in the case of N-72-260 sample, and (2+3) unique subspectrum of N-72-300 sample, correspond to magnetically ordered maghemite phase. The sample heat treated at 300°C contains 9% of hematite phase, also magnetically ordered, as the subspectrum 4 (N-72-300 MS) showed. Certain difference among specific MS features observed in the two cases (without and with PVA) has to be noted. In the case of hybrid xerogels with PVA derived nanocomposites, the growth mechanism of the magnetically ordered phases seems to be altered with calcination temperature compared to the case of silica xerogel derived nanocomposites without PVA. The increased temperature of thermal treatment from 260 to 300°C resulted in simultaneous maghemite amount diminishing from 73 to 63%, and hematite phase growing from 0 to 9%, while the amorphous phase content (27-28%) remained practically the same. As it follows, in the case of hybrid xerogel derived nanocomposite, N-72-300, without doubt the hematite originates from maghemite-hematite transition process. The Quadrupole splitting value evolution, specifically the faster shift of ∆E Q towards 0 mm/s, put in evidence a more symmetric aspect of the sextet's peaks. Even more, for the sample heat treated at 300°C, N-72-300, MS showed ∆E Q = 0 for maghemite phase representative unique subspectrum. As previously shown, this is typical behaviour of the MS of γ-Fe 2 O 3 related to vacancies in octahedral positions that influence the distribution of hyperfine field.
These results are in agreement with XRD, where we can observe the diffraction peaks of maghemite and hematite. When we compare MS of two samples (the xerogels without and with PVA heat treated at 260 and 300°C), we can see that MS of PVA hybrid derived samples manifest higher surface area of sextets in comparison with doublet so we can conclude that the use of PVA leads to either larger particles or more perfect crystal structure or both.
Magnetization measurements
The dependence of magnetization on applied magnetic field was measured at room temperature. The magnetization curves for all heat treated samples are shown in Fig. 8 . In addition, the values of the coercivity (H c ), the remanence (σ r ), and the saturation magnetizations (σ sat ) are summarized in Table 6 .
Both σ sat and H c values increase with the calcination temperature between 220°C and 260°C, while there is practically insignificant evolution between 260°C and 300°C in the case of samples without PVA. The explanation of this evolution is analogous to those used in the case of MS interpretation. Specifically, when we increase calcination temperature from 260°C to 300°C, the partial crystallization and defect removal in the iron oxide particles occurs, without simultaneous particle growth. The same tendency can be followed in the case of magnetic nanocomposite samples based on PVA con- 
times higher than
Ms value of N-0-260 magnetic nanocomposite sample (derived from silica xerogel without PVA). That means that during thermal treatment, including ferric precursor thermolysis, the organic polymer (PVA) has a significant positive effect on the magnetization intensity and magnetic ordering, as a reducing and directing agent [37] . It cannot be excluded the possible memory effect attributable also to the presence of polyvinyl alcohol as directing agent during sol-gel processing [43] . Small drop of σ sat values for both samples with and without PVA between 260°C and 300°C mainly can be due to the partial transformation of γ-Fe 2 O 3 into α- Fe 2 O 3 which is very weak ferromagnet at room temperature (above Morin temperature) and practically do not contribute to the total value of σ sat . On the contrary, the presence of hematite developed at the expense of maghemite has a significant magnetic dilution effect. This behaviour is consistent with the conclusions made from XRD and MS characterizations. The comparison of magnetic behaviour of both series of samples is in good agreement with our presumptions that the use of PVA will lead to better magnetic properties of final magnetic nanocomposite.
IV. Conclusions
Two xerogel nanocomposite samples Fe(acac) 3 /silica and Fe(acac) 3 /silica/PVA (without and with organic polymer content, respectively) with Fe 2 O 3 /SiO 2 weight ratio of 15/85, were synthesized, characterized, and thermally treated. X-ray diffraction patterns showed that the maghemite was present at 260°C as exclusive crystalline phase. At 300°C, γ−Fe 2 O 3 → α-Fe2O3 transition process had begun and hematite crystalline phase started to develop. Mossbauer spectroscopy measurements are consistent with XRD results. By increasing the calcination temperature to 300°C the surface area and total pore volume were increased for both series, but the increase was faster for the material with PVA (1.5 times). These findings are consistent with presumed effects of the organic polymer (in small amount), specifically as surfactant and porogen agent. The magnetic measurement generally indicates the increase of saturation magnetization with temperature for all heat-treated samples.
Following all the results we can conclude that the use of PVA leads to a larger surface area, greater particle of more perfect crystal structure and better magnetic properties even at low temperatures. The comparison of the measured properties of both series of samples leads us to the conclusion that they are in reasonable agreement with our presumption: the use of PVA will lead to better structure, morphology and magnetic properties of resulted nanocomposites.
